The spike glycoproteins of the Semliki forest virus membrane have been incorporated into vesicular phospholipid bilayers by a detergent-dialysis method. The detergent used was fl-o-octylglucoside which is nonionic and has an exceptionally high critical micellar concentration which facilitates rapid removal by dialysis. The vesicles obtained were of varying sizes and had spikes on their surface. Two classes of vesicles were preferentially formed, small protein-rich and large lipid-rich (average lipid to protein weight ratios, 0.22 and 3.5, respectively). Both classes of vesicles retained the hemagglutinating activity of the virus. The proteins were attached to the lipid bilayer by hydrophobic peptide segments, as in the viral membrane. Most of the proteins were accessible to proteolytic digestion from the outside, suggesting an asymmetric orientation.
spike
We are studying the Semliki forest virus (SFV) as a model membrane system. The SFV consists of a spherical nucleocapsid surrounded by a membrane (26, 30, 33) . The nucleocapsid is composed of an RNA molecule (4 • 106 mol wt, [26, 34] ) and one protein species (3.4 • 104 tool wt, [9, 29] ). Three glycopolypeptides are found in the membrane: El, E2, and E3, with molecular weights of 5 • 104 , 5 • 104 , and 1 • 104 , respectively (10) . They form 7-8-nm long spikes projecting from the surface of the virus, and are necessary for the viral infectivity. E1 and E2 have hydrophobic peptide segments which anchor them to the membrane (38) .
We have previously studied the mechanism by which two mild detergents (Triton X-100 and sodium deoxycholate, DOC) and a denaturing detergent (sodium dodecyl sulfate, SDS) dissociate the SFV membrane (5, 13, 14) . With increasing concentrations of these detergents the dissociation proceeded through four stages: initial binding of the detergent to the membrane, lysis, disintegration into lipid-protein-detergent and lipid-detergent complexes, and finally, delipidation of the proteins. The end products were soluble detergent-protein complexes and lipid-detergent mixed micelles. The essential difference in the action of the three detergents was in their effect on protein structure. SDS and DOC dissociated the spike proteins, whereas in Triton X-100, El, E2, and E3 remained in the form of a complex.
After these detailed dissociation studies we have proceeded to investigate the reverse process, the reconstitution of the membrane (and the whole virus) from its isolated components. Artificial assembly of viral membrane components has been previously described by Hosaka and Shimizu (15, 16) , who used the nonionic detergent Nonidet P-40 (p-t-octylphenylpolyoxyethyleneg, [Shell Chemical Co., New York.]) and dialysis to reconstitute Sendai virus membranes, and by Almeida et al. (2) , who cosonicated influenza membrane proteins with a mixture of lecithin and dicetyl phosphate. We have tested these and other methods described for membrane reconstitution (18, 23, 36) . Our first approach was to isolate the membrane proteins from SFV as lipid-and detergent-free soluble octameric complexes (12) , and to sonicate them with phospholipid liposomes (32) . We found that the protein associated with the lipid, but the resulting vesicles tended to aggregate and were unsuitable for further study. Detergent-dialysis and detergent-dilution procedures proved more successful. We tried several bile salts and nonionic detergents, and although conditions could be found in which lipid and protein formed vesicular membranes, the results were unsatisfactory, due to vesicle aggregation (sodium deoxycholate and cholate), high contents of residual detergent (Triton X-100, p-t-octylphenylpolyoxyethylene~=9.7), protein inactivation (dodecyldimethylammoniumoxide), or low yields (sodium taurodeoxycholate). Only by using /3-0-octylglucoside, a nonionic detergent recently introduced into membrane studies (31, 19, 37) , could we obtain satisfactory results. In this paper, we describe the reconstitution procedure and the initial characterization of the membrane structures obtained using this detergent.
MATERIALS AND METHODS

Virus and Materials
A prototype strain of SFV was grown in monolayer cultures of BHK-21 cells, purified from the cell culture medium, and analyzed for purity as described by K~i~iri-~iinen et al. (17) . Virus protein was determined by the Lowry method with 3.5 mM SDS in the reaction mixture. These determinations agreed within 10% with values obtained by amino acid analysis. Radioactively labeled virus was grown and isolated as previously described (13, 17) . The egg lecithin (Type V-E) was purchased from Sigma Chemical Co., St. Louis, Mo. Both preparations were 98% pure, as judged by thin layer chromatography (chloroform:methanol:4 N ammonium hydroxide vol/vol). The phospholipids were assayed as inorganic phosphorus (4). The [a2P]phospholipids were extracted from BHK-21 cells grown for 19 h in Eagle's Minimum Essential Medium containing onetenth of the original phosphate, 10% calf-serum, and 3 mCi carder-free [azP]orthophosphate (The Radiochemical Centre, Amersham, Eng.). The labeled cells were harvested after treatment with trypsin-EDTA, and the lipids were extracted by the method of Folch et al. (8) . Thin-layer chromatography followed by autoradiography and optical scanning showed that lecithin accounted for 55% of the radioactivity. Phosphorus analysis gave a specific activity of 3 • 10 ~4 dpm/mole phosphorus. The radioactive lipids were stored in the extraction solution at 0~ and used within 3 wk. /3-Octylglucoside and [14C]/3-octylglucoside were synthesized according to the method of Noller and Rockwell (25) . The acetobromo-a-D-glucose, used in the [14C]octylglucoside synthesis, was prepared from [14C]glucose (20) . The octylglucosides were >97% pure as judged from thin-layer chromatography (benzene, acetone, methanol, 4:2:1 vol/vol). In preliminary tests we used a sample of octylglucoside, generously supplied by Dr. Carl Baron. Sodium deoxycholate (Schwarz/ Mann Div., Becton, Dickinson & Co., Orangeburg, N. Y.), Triton X-100 (Rohm and Haas Co., Philadelphia, Pa.), and sodium dodecyl sulfate (Serva, Heidelberg, Federal Republic of Germany) were used without prior purification. The ring-labeled [3H]Triton X-100 (0.21 mCi/g) was a gift from Dr. W. R. Lyman (Rohm & Haas). Thermolysin and dithiothreitol were purchased from Calbiochem, San Diego, Calif. The buffer salts were of analytical grade from Merck AG, Darmstadt, Federal Republic of Germany.
Protein Isolation and Reconstitution
A mixture of SFV (0.8 mg protein), [aSS]methionine, and [a~P]phosphate-labeled virus was solubilized at 22-25~ in 0.2 ml 0.025 M Tris-HC1, pH 7.4, containing 0.05 M NaCI, 20 mg/ml Triton X-100, and 8% (wt/wt) sucrose. The solubilized virus was layered onto a sucrose gradient consisting of three zones: on top a 0.4-ml 13% (wt/wt) sucrose zone with 0.5 mg/ml Triton X-100, in the middle a 3.8-ml linear 18-25% sucrose gradient containing 30 mM octylglucoside, and at the bottom a 0.5-ml 60% sucrose cushion containing 30 mM octylglucoside. All zones contained 0.1 M NaCI and 0.05 M Tris-HCl, pH 7.4. After the centrifugation (24 h, 4~ 190 .103 x g, SW 50.1 Beckman rotor), fractions were collected from the bottom and 0.01 ml aliquots were assayed for radioactivity (Fig. 1) . The [~S]methionine peak containing the membrane proteins was pooled and used as such for the reconstitution. An appropriate amount of egg lecithin (75-200 /zg) in chloroform:methanol 2:1 (vol/vol), an aliquot of the a2P-lipid extract of the BHK-cells (<2 p,g lipid), and octylglucoside in acetone (four times the amount of the lipid) were mixed in a glass tube. The solvents were removed under a stream of nitrogen and the residue was twice dissolved in 0.1 ml diethyl ether and dried. The resulting thin lipid-detergent film was then dissolved in a 1-3 ml aliquot of the isolated membrane protein.
The resulting clear solution was dialyzed at 23-27~ for 36 h against 3 changes of 0.8 liter 4 mM Tris-HC1, pH 7.4, 3 mM MgCI2, 0.1 mM dithiothreitol, and 2 mM sodium azide. The first dialysis solution also contained 0.3 M sucrose. An increase in ionic strength to 0.13, omission of MgCI2, dithiothreitol, sucrose, or a reduction of temperature to 7~ had little effect on the final results. Finally, the dialysate was concentrated within the bag to 0.7-0.8 ml using dry Biogel P-200 gel beads (Bio-Rad Laboratories, Richmond, Calif.).
Electron Microscopy
The reconstituted membranes were centrifuged for 90 min at 4~ and 150.10 a x g using the Beckman SW 50.1 rotor and 0.6 ml tubes. At least 90% of the protein and 80% of the lipid was in the pellet. The pellet was fixed (at 4~ or at room temperature) for 20-40 min in 2.5% glutaraldehyde containing 0.05 M sodium cacodylate, pH 7.2, 50 mM KCI, and 2.5 mM MgCI2. The fixed pellet was washed repeatedly with cacodylate buffer, postfixed for 2-3 h using 2% osmium tetroxide, washed again with distilled water, and soaked for 10-14 h in aqueous uranyl acetate (1%). All steps were performed in the cold (0~176 After dehydration in graded ethanol solutions and transfer to propylene oxide, the material was embedded in Epon 812, ultrathin sectioned, and double stained with uranyl acetate (5% methanolic) and lead citrate (27, 39) .
For negative staining, a drop of the sample solution was put onto a Formvar-coated copper grid, and either drawn off totally before the staining procedure so that the sample air dried on the film, or a small residue of the suspension was left on the grid to which the negative stain (2% phosphotungstic acid, adjusted with NaOH to pH 7.2) was then added. After 5-15 s, the excess stain was removed and the grids air dried.
Ultrathin section and negative stain preparations were examined with a Siemens Elmiskop 101 electron microscope. Morphometric measurements were made by projecting electron micrographs onto a digitizer tablet (MOP-AM-01; Kontron Eching-Miinchen, Federal Republic of Germany) which was connected to a computer unit (Summagraphics, Fairfield, Conn.).
Thermolysin Treatment of Reconstituted Vesicles
The three pools from the sucrose density gradient (Fig. 5 ) were dialyzed overnight against 0.05 M Tris-HCI, pH 7.4, containing 0.1 M NaC1 at 4~ and the volume was reduced to 0.3-0.4 ml by vacuum dialysis in a collodium sack. Thermolysin and CaCI2 were added to give final concentrations of 1 mg/ml and 5 raM, respectively. The mixtures were incubated for 90 rain at 37~ and the digestion terminated by addition of EDTA (final concentration 4 mM). Solid sucrose was then added to give 60% wt/wt, and the solutions were transferred to 5-ml centrifuge tubes. The samples were overlaid with 3 ml 40% wt/wt sucrose and 1.5 mi of the Tris-buffer. After 10 h centrifugation at 190.10 a x g at 4~ 0.25-ml fractions were collected. The fractions containing the ~P-activity were pooled, dialyzed against 0.1 M NaHCOa, and freeze-dried. The residues were dissolved in 0.05 ml 10 mg/ml SDS and 20 mg/ml 2-mercaptoethanol, and heated to 100~ for 5 rain. Electrophoresis in 1.0 mg/ml SDS was then performed as described by Utermann and Simons, using 15% polyacrylamide gels (38) .
Other Methods
The E1 polypeptide was isolated by centrifuging SFV into a sucrose gradient containing sodium deoxycholate, as previously described (14) . The deoxycholate in the isolated E1 was then exchanged to octyiglucoside by repeated dilution (with 0.05 M Tris, pH 8.5, containing 0.1 M NaCl and 30 mM octylglucoside), and concentration in a 10-ml Amicon uitrafiltration cell (Amicon Corp., Scientific Sys. Div., Lexington, Mass.) equipped with a PM 10 membrane. Reconstitution was thereafter performed with octylglucoside, as described. Sucrose concentrations were determined by refractometry. Electrophoresis in slabs of polyacrylamide gel in the presence of SDS was performed according to Neville (24) . Fluorography of the slabs was done according to Laskey and Mills (22) . Radioactivity was measured in Triton X-100 toluol scintillant using a Nuclear Chicago Mark III scintillation counter (Searle Analytic Inc., Des Haines, Ill.). Hemagglutination was assayed according to Clarke and Casals (7) using fresh goose red blood cells.
RESULTS
Isolation of the SFV-Membrane Protein in Octylglucoside
Because octylglucoside dissociates only part of the spikes from the viral nucleocapsids (unpublished observations), we used Triton X-100 for the initial solubilization (13). The Triton X-100 solubilizate was centrifuged into a sucrose gradient containing octylglucoside, and the spike polypeptides, El, E2, and E3, were recovered in the octylglucoside-solubilized form as a broad band in the middle of the gradient (Figs. 1, 2a) . The nucleocapsid protein and the RNA were found in the pellet (Fig. 2a) , whereas the phospholipids and the Triton X-100 were found in the top fractions of the gradient (Fig. 1) . The spike protein band contained <10/~g phospholipid and 20 /~g Triton X-100/mg protein. Electron microscopy showed that the spike proteins occurred as rosettelike aggregates with a diameter of ~18 nm (Fig.  3b) .
Reconstitution
Egg lecithin, [~P]BHK-cell lipid, and octylglucoside in the form of a dry film were dissolved in the solution containing the spike proteins, and the octylglucoside was removed by dialysis. The 
Sucrose Gradient Centrifugation
The dialyzed material was analyzed by centrifugation in a 5-20% sucrose gradient with a 60% sucrose cushion at the bottom (Fig. 4) . The lipid and the protein sedimented as a broad heterogeneous zone. Lipid dialyzed in the absence of protein barely entered the gradient under the same conditions. Little radioactivity was found on top of the 60% sucrose cushion indicating that the material was not in the form of large aggregates. After prolonged centrifugation of the reconstituate in a 15-60% sucrose gradient, 80% of the phospholipid and the protein occurred together in two bands at densities 1.19-1.21 and 1.05-1.08 g/cm 3 (Fig. 5) . Vesicles containing lipid alone were again recovered in the three top fractions only. The hemagglutinating activity (a property of the E1 polypeptide, [14] ) followed the protein profile (Fig. 5) . For further analysis the fractions were pooled so that pools I and III (Fig. 5) contained the two bands, and pool II the intermediate fractions. The buoyant densities and the distribution of lipid and protein in the three pools are shown in Table I . Pool I had a higher protein-to-lipid ratio than the SFV-membrane, whereas in pool III the ratio was lower. When the protein-to-phospholipid ratio in the reconstitution mixture was increased, the protein-to-lipid ratio in pool III increased, whereas it remained constant in pools I and II. Electrophoretic analysis showed that all three pools contained E l , E2 (Fig. 2b) , and E3 (E3 is poorly labeled with [~S]methionine and does not show unless the other bands are heavily overexposed). It was also found that pool III contained somewhat less and pool I somewhat more E2 polypeptide than whole virus (Fig. 2 b) .
Electron Microscopy
Thin sections of the whole reconstituted material showed vesicles of different sizes (Fig. 6) . The vesicles were single-shelled with a unit membrane thickness of 5-6 nm (insets Fig. 6 ). The proteins bound to the vesicles could be visualized after negative staining as a coat of spike-like projections (7-8 nm long) covering the surface (Fig. 7) . The spikes appeared morphologically 
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FIGURE 3 (a) SFV as seen after negative staining with 2% phosphotungstic acid at pH 7.0. The virus has a dense outer layer of glycoprotein spikes. At pH below 6.5, the nudeoeapsid shrinks, forcing a closer packing of the spikes and the extrusion of a spikeless lipid bteb (inset Fig. 3b ). (b) Virus spike protein isolated in octylglucoside (Fig. 1) . The proteins occur as rosette-like complexes. (a) and inset, x 280,000; (b), x 220,000. Bars, 0.1 /zm. similar to those on the SFV (Fig. 3a) . The smallest structures seen were probably too small to be vesicles.
The image areas of the vesicles (excluding the spikes) were measured by planimetry from electron micrographs of negatively stained samples. The areas were mainly within two ranges: 50-300 nm ~ and 2,500-6,600 nm 2. The two size ranges are clearly seen in Fig. 8 , which shows the number and area distributions within different size classes expressed as mean image radius. If the small vesicles are assumed to be spherical, their radii are 4-10 nm (omitting the spikes). If we assume that the large vesicles are flattened out on the grid, we can calculate that the radii of these vesicles in free solution should be 20-30 nm. The radius of the viral membrane is 25.8 nm (11) . Electron microscopy of negatively stained samples showed that pool I contained the small vesicles (Fig. 9a) , pool II the intermediate size vesicles (Fig. 9b) , and pool III mainly the large vesicles (Figs. 10, 11) . The average sizes are indicated by arrows in Fig. 8 . Because pool I had the lowest, pool II the intermediate, and pool III the highest lipid-to-protein ratio (Table I) , we can conclude that increasing vesicle size corresponds to decreasing protein content. When egg lecithin was allowed to reassociate in the absence of spike protein, lipid vesicles of the large size were obtained.
Only in the lipid-rich vesicles of pool III could individual projections be discerned (Fig. 11) . They had a club-like appearance with a mean 870 THE JOURNAL OF CELL BIOLOGY" VOLUME 75, 1977 length of 7.7 nm and a mean thickness of 3.4 nm. Assuming the projections to be cylindrical in shape and having a partial specific volume of 0.72 (31), they could be calculated to have a mol wt of 6.104. Other experiments suggested that the individual projections may be E1 polypeptides. When isolated E1 was reconstituted by the octylglucoside dialysis method, the products consisted mainly of lipid-protein vesicles of large size (Fig. 12a) . The spikes were well resolved and had a club-like appearance similar to that of the spikes in pool III (Figs. 10, 11) . That the individual spikes in the pool III vesicles may represent E1 is also supported by the fact that this polypeptide is enriched in pool III (Fig. 2 b) . Attempts to reconstitute isolated E2 polypeptides were unsuccessful, as this protein tended to form oligo- Large, multishelled structures were occasionally seen in thin sections and negatively stained specimens (Fig. 12b, c) . They had unit membranes (mean thickness -5.4 nm) with spikes projecting from both faces. The repeat distance was 18-20 nm, and the spike length and thickness 7 and 3 nm, respectively. The compositions were calculated from the specific radioactivities. $ The pools were taken from isopycnic sucrose gradients (Fig. 5) . w From reference 21.
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FIGURE 6 Electron microscopy of a thin section of pelleted reconstituted membranes. All vesicles have a single membrane and even the small ones have a unit membrane (see insets). The spike proteins are not resolved with this technique.
• 180,000; insets, x 440,000. Bars, 0.1 ~m, and in the insets, 20 nm.
Mode of Attachment and Orientation of the Spike Proteins
When intact SFV is treated with thermolysin, the spikes disappear, but hydrophobic peptides from E1 and E2 with an apparent tool wt of 6.103 remain in the membrane (38) . These peptides are responsible for anchoring the spikes to the lipid bilayer. To test whether the spikes were similarly attached to the reconstituted vesicles, we treated material from pool I, II, and III with thermolysin. After digestion, the vesicles were isolated from the enzyme and liberated peptides by flotation (Fig. 13) . Electron microscopy of the isolated vesicles showed that all the spikes had disappeared from the surface. Analysis of the protein content by electrophoresis gave two main bands (Fig. 14) , one corresponding to E1 and E2 (not resolved in this gel system), and another broad band with the same mobility as the hydrophobic peptides (HF) obtained from SFV after thermolysin treatment. The peptides of the thermolysin-digested vesicles also resembled the hydrophobic virus peptides in being chloroformmethanol soluble.
More than 99% of the E1 and E2 present in pool I were digested by externally added thermolysin. In pool II, 94% was accessible to the enzyme. If the vesicles in these pools are sealed, as is suggested by the thin section electron microscopy (Fig. 6) , the spikes must be facing outwards. On the other hand, in pool III the spikes may be 872 TSE .JOURNAL OF CELL BIOLOGY" VOLUME 75, 1977 FIGURE 7 Survey picture of the reconstituted membranes as revealed after negative staining. Three main size classes can be seen as indicated by roman numerals (I, II, and III). All membranes have spikelike proiections similar to those of the SFV (Fig. 3a ). x 200,000. Bar, 0.1 /~m. branes as determined by planimetry on electron micrographs after negative staining. The radii given do not include the spikes. The graphs represent data from six electron micrographs comprising 1,600 particles (of. Fig.  7 ). The radii (r) were calculated from the measured areas (A) using the relation A = zrr 2. The radius of the virus (from center to the outer bilayer surface, [11] ) and the average image radii of the particles in pool I, II and III (Fig. 5) are indicated by arrows.
more symmetrically distributed on both faces of the bilayers, as only 70% of the spike proteins were accessible to the protease.
DISCUSSION
Octylglucoside has several properties which make it suitable for reconstitution experiments. Being nonionic, it is mild in its effects on proteins (3, 37) , it poses no restrictions on the choice of buffers, and it does not interfere with the arrangement of charged membrane components during reconstitution. Because of the exceptionally high critical micellar concentration (20-25 mM, cf. ref. 28) it can be rapidly removed by dialysis. It effectively solubilizes membrane lipids and integral membrane proteins (3, 37) , and unlike most other nonionic detergents, it is a structurally defined compound. We found that when SFV membrane proteins were reconstituted with egg lecithin using octylglucoside, two main classes of vesicles were obtained. These could be isolated according to density by isopycnic sucrose gradient centrifugation. The dense vesicles and particles had an average of 28 and the light vesicles 400 phospholipids/spike protein complex (in the viral membrane there are 64 phospholipid cholesterol pairs/spike protein complex (21) ). Electron microscopy showed that the dense vesicles were smaller and the light vesicles were equal in size or larger than the SFV.
After digestion with thermolysin, hydrophobic peptides remained in the vesicle membranes suggesting a hydrophobic anchoring of the spike proteins. The accessibility of virtually all proteins in the dense vesicles to thermolysin suggested that the spike proteins were only oriented outwards as in the native virus, whereas the light vesicles appeared to have spike proteins also on the inside of the membrane or in the included space.
The morphology of the spikes on the surface of the SFV (and other toga viruses) is difficult to resolve by electron microscopy (Reference 6, Fig.  3a) . However, on the surface of the lipid-rich reconstituted membranes it was possible to see individual club-like projections in addition to more tightly packed spike regions. The size of the single projections corresponded to that of a protein of -6 x 104 mol wt. When E1 was reconstituted alone, spikes with the same appearance were seen. It is therefore probable that the projections on the lipid-rich reconstituted membranes represent El. This is also supported by the fact the lipid-rich vesicles were enriched in E1 polypeptides. Electron microscope studies have suggested that the projections on SFV have a Vshaped structure (6) . Recent cross-linking experiments have shown that the spike polypeptides in the SFV membrane occur as complexes of one of El, E2, and E3 each. 1 What we see as individual spike structures may thus repesent one of the arms in the V.
In viva, the virus acquires its membrane through a budding process at the host cell plasma membrane. In this process the nucleocapsid is enveloped by a modified area of the plasma membrane enriched in spike proteins (1) . The nucleocapsid interacts with that part of the spike protein that is localized on the inside of the membrane, and this interaction probably drives the budding process (9) . In the finished viral membrane, the number of El, E2, and E3 complexes equals that of nucleocapsid proteins (9) . On the basis of these results, it seems likely that the nucleocapsid not only determines the diameter of the virus but also the lipid-to-protein ratio. When the nucleocapsids are absent, as is the case during reconstitution, the vesicle size and the lipid-to-protein ratio are determined by other factors. The reconstitution yielded vesicles with Ziemiecki, A., and H. Garoff. Manuscript in preparation. FI~URE 10 Negatively stained fraction (pool III) of the reconstituted membranes isolated by isopycnic centrifugation (Fig. 5) . This light membrane fraction consists of large vesicles with a sparse distribution of spikes, x 210,000. Bar, 0.1 /xm. FIGURE 11 Negatively stained vesicles of pool III at high magnification. Some spike proteins are densely clustered giving an appearance similar to that of the surface of the viral membrane (large arrows). Other spike proteins can be seen as irregularly spaced single club-like projections (small arrows). The appearance of these projections are similar to those seen on membranes reconstituted with the polypeptide E1 (Fig. 12a ). x 300,000. Bar, 0.1/~m. higher as well as lower protein-to-lipid ratio than in the virus membrane. The fact that vesicles with more protein than in the viral membrane could be obtained by the octylglucoside dialysis method (and with the other detergents tested) indicated that the spikes in the viral membrane cannot have maximal packing density. This is further supported by the finding that at low pH the nucleocapsid shrinks (35) and large spike-free lipid blebs are seen protruding from the virus particle resulting in the decrease of viral diameter (Reference 6, Fig. 3b inset) .
It may be significant that the majority of reconstituted vesicles were smaller than the virus and smaller than lipid vesicles that had been formed in the absence of protein, and that vesicle size decreased with increasing protein content. Thus, the protein seems to increase membrane curvature. No such effect was observed with the Bacillus licheniformis membrane penicillinase which was reconstituted under the same conditions. 2 This property of the spike proteins may be important in stabilizing the high curvature of the viral membrane. Many of the vesicles with lipid-to-2 Simons, K., A. Helenius, and M. Sarvas. Manuscript in preparation.
protein ratios equivalent to that of the viral membrane were in fact approximately of virus size.
It remains to be seen whether the spike proteins in the reconstituted vesicles actually span the bilayer the way they do in the virus, and to what extent the subunit structure of the proteins is intact. It will furthermore be of interest to find out whether the dense and the light vesicles arise by different mechanisms (as is suggested by preliminary results), and to study the effects of different lipid compositions. To characterize the biological properties of the vesicles, we are presently investigating the effects they have on cells, to the Surface of which the vesicles can be shown to bind avidly. The gel slices were solubilized and measured for radioactivity as described (38) .
